Human embryonic stem cells (hESCs) offer a potentially unlimited supply of cells for emerging cellbased therapies. Unfortunately, the process of deriving distinct cell types can be time consuming and expensive. In the developed world, age-related macular degeneration (AMD) is the leading cause of blindness in the elderly, with more than 7.2 million people afflicted in the U.S. alone. Both hESCderived retinal pigmented epithelium (hESC-RPE) and induced pluripotent stem cell-derived RPE (iPSC-RPE) are being developed for AMD therapies by multiple groups, but their potential for expansion in culture is limited. To attempt to overcome this passage limitation, we examined the involvement of Rho-associated, coiled-coil protein kinase (ROCK) in hESC-RPE and iPSC-RPE culture. We report that inhibiting ROCK1/2 with Y-27632 allows extended passage of hESC-RPE and iPSC-RPE. Microarray analysis suggests that ROCK inhibition could be suppressing an epithelial-to-mesenchymal transition through various pathways. These include inhibition of key ligands of the transforming growth factor-b pathway (TGFB1 and GDF6) and Wnt signaling. Two important processes are affected, allowing for an increase in hESC-RPE expansion. First, ROCK inhibition promotes proliferation by inducing multiple components that are involved in cell cycle progression. Second, ROCK inhibition affects many pathways that could be converging to suppress RPE-to-mesenchymal transition. This allows hESC-RPE to remain functional for an extended but finite period in culture. STEM CELLS TRANSLATIONAL
INTRODUCTION
Human embryonic stem cells (hESCs) offer a potentially unlimited supply of cells for emerging cell-based therapies. Unfortunately, the process of deriving distinct cell types can be time consuming and expensive. Furthermore, differentiated cells typically have a finite lifespan and can be passaged only a limited number of times. Expanding the propagation potential of stem cell-derived cells would be extremely useful for transplantation procedures and drug-screening efforts.
Clinical trials are currently under way using hESC-derived retinal pigmented epithelium (hESC-RPE) as a treatment for age-related macular degeneration (AMD) [1, 2] . In the developed world, AMD is the leading cause of blindness in the elderly, with more than 7.2 million people afflicted in the U.S. alone [3, 4] . AMD is a progressive disorder that eventually results in RPE death, photoreceptor death, and profound loss of central vision. It is generally agreed that AMD pathology is primarily linked to the dysfunction and death of the RPE, which acts to support and maintain the photoreceptors. When RPE degenerates, the photoreceptors can no longer function, and they eventually die [5, 6] . There are two clinically recognized forms of the disease: exudative (wet) AMD and atrophic (dry) AMD. The neovascular genesis component of wet AMD can be successfully managed using anti-vascular endothelial growth factor (anti-VEGF) drugs such as ranibizumab, bevacizumab, or aflibercept [7] . However, these drugs do not act to inhibit the underlying RPE degeneration, and patients with wet AMD can progress to more advanced stages of atrophic AMD characterized by macular regions devoid of RPE and photoreceptors [8, 9] . Other than a vitamin cocktail that can only slow the progression of AMD in 25% of patients taking the supplement, there is no effective treatment for dry AMD [10, 11] .
Both hESC-RPE and induced pluripotent stem cell-derived RPE (iPSC-RPE) [12] are being developed for AMD therapies by multiple groups, using either cell suspensions or differentiated monolayers on scaffolds [13] . The currently preferred derivation process for RPE follows a spontaneous differentiation protocol involving the removal of fibroblast growth factor 2 in continuously adherent cultures of pluripotent stem cells [1, 14] . This method can take up to 100 days before enrichment of the pigmented population, followed by several months of additional culture to obtain relatively homogeneous, mature RPE ready for transplantation. The hESC-RPE, iPSC-RPE, and fetal RPE (fRPE) are passaged every 30 days and can be maintained only in culture for five to six passages before the cells display abnormal characteristics and are thought to undergo an epithelial-to-mesenchymal transition (EMT) [15] [16] [17] [18] . Some reports have claimed an even more limited passage potential for iPSC-RPE, finding that only one passage following enrichment was possible [19] . These late-passage cells lose their pigmented, cobblestone morphology and appear more fibroblastic and often senesce and die. Senescence in cultured primary somatic cells is commonly observed as telomeres shorten and the Hayflick limit is reached [20] .
To attempt to overcome this passage limitation, we examined the involvement of Rho-associated, coiled-coil protein kinase (ROCK) in hESC-RPE and iPSC-RPE culture. Two distinct ROCK isoforms, ROCK1 and ROCK2, are activated by RHOA GTPase and initiate signal-transduction cascades to modulate central cell functions, including proliferation, apoptosis, cytoskeletal rearrangements, and migration [21] [22] [23] . The RHOA/ROCK pathway has been studied extensively for its downstream effects on stress fiber formation [24, 25] and actin filament stabilization [21, 26] . ROCK inhibition using synthetic compounds is currently being tested in clinical trials for pulmonary hypertension treatments, with positive animal-model results [23, 27, 28] . Current research suggests increasing roles for ROCK inhibitors, including ROCK1/2 inhibitor Y-27632, in regulating various cell processes [23, [29] [30] [31] . Previous studies showed that ROCK inhibition increased passage abilities of certain epithelial cell types [32] [33] [34] [35] [36] and the clonability of hESCs [37, 38] . We have previously shown the beneficial effects of Y-27632 treatment following initial enrichment of RPE during directed differentiation from hESCs [39] .
In this paper, we report that inhibiting ROCK1/2 with Y-27632 allows extended passage of hESC-RPE. Importantly, the resulting hESC-RPE maintains proper gene expression, protein localization, function, and karyotype. We also show evidence that iPSC-RPE extended passage is possible following ROCK1/2 inhibition. The simple culture methods described allow a much greater yield of hESC-RPE and iPSC-RPE and can provide abundant cells for disease modeling, drug screening, and further development of cellular therapies. 
MATERIALS AND METHODS

Cell
Continuously Adherent Retinal Pigmented Epithelium Differentiation and Enrichment
H9 hESCs and iPS cells were passaged onto Matrigel-coated plates and allowed to overgrow for 8-14 days. mTeSR1 medium was then changed to X-VIVO 10 (Lonza, Basal, Switzerland, http:// www.lonza.com), after which the X-VIVO 10 medium was changed every other day. X-VIVO 10 is a xeno-free medium that has been used with cells designed for therapeutic use and increases the efficiency of RPE differentiation [40] . Pigmented cells typically appeared after 4-6 weeks. After 90 days in X-VIVO 10, nonpigmented cells were removed via mechanical dissection and the remaining, mostly pigmented cells were incubated with TrypLE Express (Life Technologies, Grand Island, NY, http://www.lifetech.com) for 5 minutes at 37°C. The resulting hESC-RPE-or iPSC-RPE-enriched cell suspension was passed through a 30 mm strainer and replated on Matrigel-coated plates using X-VIVO 10. Enriched RPE cultures were maintained at 5% CO 2 and 37°C in X-VIVO 10. The medium was changed every other day. Every 30 days, the cells were harvested using TrypLE Express and replated at a density of 100,000 cells per cm 
Extended Passage Protocol of hESC-RPE and iPSC-RPE
Directly following enrichment, hESC-RPE or iPSC-RPE were plated into four Matrigel-coated wells at 25,000 cells per cm 2 in X-VIVO 10. Two wells were treated with Y-27632 (10-mM; Tocris Bioscience, Bristol, U.K., http://www.tocris.com), and the other two received an equal volume of water as a control. One day after confluence (∼4-5 days), one Y-27632-treated well and one control well were passaged and seeded again at 25,000 cells per cm 2 . Passaging continued in this fashion until cells failed to reach confluence. The two wells not undergoing passaging continued to be supplemented with 10 mM Y-27632 or water for 14 days. On day 30, RNA was harvested and images were taken on the Olympus CKX41 (Olympus, Center Valley, PA, http://www.olympusglobal.com). Passage 13 hESC-RPE used in all experiments were derived using this protocol. The extended-passage experiment was performed with seven separate enrichment cultures of H9 hESC-RPE and three enrichments per iPSC-RPE line. Every enrichment was produced from a distinct culture of H9 human embryonic stem cells and was differentiated separately.
MTT Assay
To determine the effect of ROCK inhibition on hESC-RPE proliferation, cells were plated into 96-well plates in X-VIVO 10 and allowed to attach for 2 hours. hESC-RPE is extremely adherent, and we observed that following only 2 hours, most of the cells had attached. The medium was then removed and replaced with fresh X-VIVO 10 with or without 10 mM Y-27632. The media were changed every 2 days for the duration of the experiment with continual Y-27632 supplementation. Cell proliferation was assessed by determining the number of viable cells using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay according to supplier instructions (Life Technologies).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated using the Qiagen RNeasy Plus Extraction Kit (Qiagen, Valencia, CA, http://www.qiagen.com), and cDNA was generated using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, http://www.bio-rad.com). The extent of expression of genes of interest was then evaluated in triplicate using the following TaqMan gene expression assays (Life Technologies): RPE-specific protein 65kDa (RPE65) Hs01071462_m1; bestrophin 1 (BEST1) Hs00188249_ml; retinaldehyde binding protein 1 (RLBP1) Hs00165632_ml; microphthalmia-associated transcription Croze, Buchholz, Radeke et al.
factor (MITF) isoform 2 AJD1S3G; premelanosome protein (PMEL) Hs00173854_m1; tyrosinase-related protein 1 (TYRP1) Hs00167051_m1; tyrosinase (TYR) Hs00165976_ml; paired box 6 (PAX6) Hs01088112_m1; marker of proliferation Ki-67 (MKI67) Hs01032443_m1; zinc finger protein 42 (REX1) Hs01124465_m1; spalt-like transcription factor 4 (SALL4) Hs00360675_m1; microtubule-associated protein 2 (MAP2) Hs00258900_m1; integrin, a 2 (ITGA2) Hs00158127_m1; platelet/endothelial cell adhesion molecule 1 (PECAM1) Hs00169777_m1; S100 calcium binding protein A4 (S100A4) Hs00243202_m1; and housekeepers: eukaryotic translation initiation factor 2B, subunit 2 b (EIF2B2) Hs00204540_m1; ubiquitin-conjugating enzyme E2R 2 (UBE2R2) Hs00215107_m1; and small EDRK-rich factor 2 (SERF2) Hs00428481_m1 (Life Technologies). The relative level of expression for each gene was determined by normalizing to the geometric mean of the housekeeping gene set using CFX Manager (Bio-Rad) and Excel software (Microsoft, Redmond, WA, http://www.microsoft.com).
Immunocytochemistry
Passage 2 hESC-RPE and passage 13 Y-27632-maintained hESC-RPE were seeded onto Matrigel-coated eight-chambered slides at 100,000 cells per cm 2 . The passage 13 hESC-RPE were treated with 10 mM Y-27632 for 14 days in medium, as described by Maminishkis et al. [41] . Forty-five days after plating, the cells were washed with phosphate-buffered saline (PBS; Life Technologies) and fixed with 4% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 7 minutes at 4°C. The fixed cells were then washed with PBS and blocked with PBS containing 5% bovine serum albumin (BSA) and 0.2% Triton X-100 for 1 hour at 4°C. The cells were then probed with primary antibodies against MITFC5 (1:1,000; Abcam, Cambridge, MA, http://www.abcam.com), orthodenticle homeobox 2 (OTX2; 1:4,000; Millipore, Billerica, MA, http://www.millipore.com), RPE65 (1:100; Abcam), BEST1 (1:100; Abcam), PMEL (1:100; Abcam), tight junction protein ZO-1 (TJP1; 1:100; Life Technologies), or MKI67 (1:1,000; Abcam) in PBS with 5% BSA overnight at 4°C. Following three washes to remove the primary antibodies, they were incubated with appropriate Alexa Fluor conjugated secondary antibody (1:300; Life Technologies) for 1 hour at 4°C. Following the incubation with secondary antibody, cellular DNA was labeled by the addition of Hoechst (2 mg/ml; Life Technologies) to the medium for 5 minutes at room temperature. The labeled cells were then washed with PBS and imaged using epifluorescent microscopy. For both passages, five enrichments of hESC-RPE were probed with this panel of primary antibodies.
Karyotype Analysis
Karyotyping of passage 3 and passage 13 hESC-RPE, from the same enrichment, was performed by Cell Line Genetics (Madison, WI, http://www.clgenetics.com). Cells were analyzed prior to reaching confluence.
Rod Outer Segment Phagocytosis Assay
hESC-RPE and human fRPE (fRPE kindly provided by Lincoln Johnson, Center for the Study of Macular Degeneration, University of California Santa Barbara, and Dean Bok, Jules Stein Eye Institute, University of California Los Angeles) were cultured using the medium and methods of Maminishkis et al. [41] . ARPE19 cells were cultured in Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 and sodium pyruvate (Life Technologies), supplemented with GlutaMAXI (13; Life Technologies), 10% FBS (Atlas Biologicals, Fort Collins, CO, http://www.atlasbio.com), and 15 mM HEPES (Life Technologies). Human umbilical vein endothelial cells (HUVECs) were grown in endothelial cell growth medium with supplement mix (PromoCell, Heidelberg, Germany, http:// www.promocell.com). All cells were plated in quadruplicate at 100,000 cells per cm 2 onto 0.1% gelatin-coated wells and cultured for 30 days. hESC-RPE from passage 13 were treated with 10 mM Y-27632 for 14 days.
Rod outer segments (ROSs) were isolated from bovine retinas [42] (Sierra for Medical Science, Whittier, CA, http://www.sierramedical.com) and fluorescently labeled with the FluoReporter fluorescein isothiocyanate (FITC) protein labeling kit (Life Technologies). The cultured cells were treated with or without aVb5 function-blocking antibody (62.5 mg/ml; Abcam) or IgG (62.5 mg/ml; Abcam) isotype control for 30 minutes at 37°C 5% CO 2 . Following the initial antibody incubation, the cells were challenged with 1 3 10 6 FITC-ROS per well for 5 hours at 37°C 5% CO 2 [39, 43] in media supplemented with a fresh aliquot of antibody. After ROS incubation, the wells were washed six times with PBS and then 0.4% trypan blue was added for 20 minutes to quench any fluorescence originating from residual extracellular ROS. Each well was imaged using epifluorescent microscopy, and integrated pixel density of photomicrographs were generated with Image J software (National Institutes of Health, Bethesda, MD) using a rolling pixel radius of 50. The phagocytosis assay was performed with three independent enrichments of hESC-RPE. The fRPE and ARPE19 cells serve as positive controls, and the HUVEC line was used as a negative control. All experiments were normalized to a single ARPE19 ROS experimental data set.
Pigment Epithelium-Derived Factor and Vascular Endothelial Growth Factor Enzyme-Linked Immunosorbent Assay
Passage 2 hESC-RPE and passage 13 Y-27632-treated hESC-RPE were grown on Matrigel-coated 0.45-mm HA inserts (0.6 cm 2 ; Millipore) seeded at 100,000 cells per cm 2 in medium, as described by Maminishkis et al. [41] . The hESC-RPE passage 13 cells were treated with 10 mM Y-27632 for 14 days. On day 30, media were collected from both the apical and basal chambers following a 72-hour exposure to the cells. The amount of pigment epithelium-derived factor (PEDF; BioProducts MD, LLC, Middletown, MD, http://www.bioproductsmd.com) and vascular endothelial growth factor A (Life Technologies) in the basal and apical compartments were determined by enzyme-linked immunosorbent assay according to the manufacturer's instructions. All media volumes were kept constant, and the growth area and volume were taken into consideration when calculating the data.
Agilent Whole Human Genome Microarray
hESC-RPE was cultured following the extended passage protocol. At passage 5, control and Y-27632 lysates were collected 2 days after plating, prior to reaching confluence. RNA from four separate biological replicates was isolated using the Qiagen miRNeasy Kit (Qiagen) for each treatment group. Global transcriptome analysis was performed with the Agilent Whole Human Genome 4 3 44K in situ oligonucleotide array platform (G4112F; Agilent Technologies, Santa Clara, CA, http://www.agilent.com) using the reagents and methods of the manufacturer and a two-color 1068 ROCK Inhibition Extends Passage of Stem Cell-Derived RPE ©AlphaMed Press 2014 experimental design pairing the control and Y-27632 samples. After background and Lowess correction, the 200 replicate probe sets were averaged, and the entire array data set was quantile normalized. Array data are reported as normalized net intensity levels.
RESULTS
ROCK Inhibition Allows Extended Passage of hESC-RPE and iPSC-RPE
hESC-RPE or iPSC-RPE can typically be passaged only five or six times before undergoing a switch in phenotype suggestive of an EMT and eventually senescing [15] [16] [17] [18] . We sought to determine whether inhibition of the Rho kinases ROCK1 and ROCK2 could extend the effective passaging of hESC-RPE and iPSC-RPE. To test the role of ROCK1/2 in this process, the synthetic compound, Y-27632, which is a competitive inhibitor of the ATP binding domain of both ROCK1 and ROCK2 isoforms [23] , was added to the culture medium, and cells were continuously passaged, plating at a fourth of the usual seeding density. For each passage, a portion of cells were grown for 30 days to allow them to mature and reach confluence, with removal of the ROCK inhibitor at day 14. Phase contrast images of the resulting cultures are shown in Figure 1 . In contrast to untreated hESC-RPE, which underwent an EMT and failed to become confluent following five passages, Y-27632-treated cells were able to assume their typical RPE cobblestone morphology up to passage 14; however, after 15 passages, patches of larger cells displaying a mesenchymal morphology (examples shown by arrows in Fig. 1 ) were intermixed with areas of cells with epithelial morphology. By passage 18, cells failed to reach confluence following 30 days in culture and never regained the typical RPE morphology. All iPSC-RPE lines acted in a similar fashion to hESC-RPE but were not passaged beyond passage 13 (images not shown). Bright field images of control passage 2 and Y-27632-treated passage 13 hESC-RPE show similar pigmentation patterns (supplemental online Fig. 1 ). To determine the effect of Y-27632 on the rate of proliferation, cell counts were taken at each passage as hESC-RPE and iPSC-RPE underwent the extended passage protocol. Cells treated with Y-27632 showed a substantial increase in population doublings, allowing an average of 30 doublings compared with only 9 doublings in control cultures for both hESC-RPE and iPSC-RPE ( Fig. 2A, 2B ). In the presence of the ROCK inhibitor, cell numbers increase exponentially, with an average doubling time of 2.4 days, whereas the control doubling time was significantly longer, with an average of 3.8 days, for hESC-RPE. There was some line-to-line variation in iPSC-RPE; however, the average Y-27632-treated cell doubling time was 2.1 days compared with 3.6 days in control cells. All control cultures could not be propagated beyond five passages, suggesting that they had senesced.
In addition to monitoring cell expansion at the time of each passage, over numerous passages, cell proliferation was measured more directly within a single passage. Similar effects of Y-27632 on hESC-RPE growth rate were observed when the (Fig. 2C) . When passage 4 hESC-RPE were grown in the continual presence or absence of Y-27632, a significant increase in the number of cells was detected by 10 days in the Y-27632-treated cells and persisted to at least day 30. This experiment shows that ROCK inhibition speeds up the rate of proliferation of hESC-RPE. Both control and Y-27632-treated passage 4 cells retained RPE morphology at day 30; however, the characteristics of these particular cells at higher passages were not examined. We are currently testing other compounds that are known to affect proliferation on various different passages of hESC-RPE and fRPE.
Gene Expression During Extended Passage of hESC-RPE
In an effort to assess the effects of Y-27632 on gene expression, we determined the relative amounts of a selected set of RPE and non-RPE marker transcripts. As shown in Figure 3 , control hESC-RPE showed a decrease in the abundance of RPE RNAs (RPE65, BEST1 RLBP1, and MITF) as a function of passage, with significant differences being observed at passage 5 (Fig. 3) . Interestingly, levels of pigment-related mRNAs PMEL, TYRP1, and TYR remained constant in untreated hESC-RPE. PAX6, a neural retina and immature RPE marker, increased over passage but not significantly. In contrast, in Y-27632-treated hESC-RPE, all seven RPE marker RNA levels remained relatively stable over the course of 13 passages, and PAX6 mRNA levels did not increase. We believe that the large error bars for several control passage 3 and passage 5 transcripts is due to the mixed population of cells arising within the well as the RPE begins to undergo EMT.
In addition, although Y-27632 treatment preserves the mitotic potential of hESC-RPE, there is no evidence for increased expression of MKI67, a marker of mitosis, in confluent 30-dayold cultures of Y-27632-treated cells relative to that seen with untreated cells. This would imply that although cells proliferate more rapidly in the presence of Y-27632 (Fig. 2) , the effects of Y-27632 are not lasting (Fig. 3) . After removal of ROCK inhibition, cells reach confluence and exit the cell cycle.
We also examined markers for pluripotency and potential contaminating or transdifferentiated cell types. The level of the pluripotent mRNAs REX1 and SALL4 remained negligible with extended passage, as did the neuronal marker MAP2, the smooth muscle marker ITGA2, the endothelial marker PECAM, and the fibroblastic marker S100A4. (Positive control cell values for non-RPE gene markers are described in the legend for Fig. 3 ).
Protein Expression and Localization During Extended Passage of hESC-RPE
To assess whether there were any gross differences in protein localization between differentiated cultures of Y-27632-treated, extended-passage cells versus minimally passaged control cells, 45-day cultures of each condition were evaluated using immunocytochemistry. Cells were probed with antibodies directed against the RPE marker proteins MITF, OTX2, RPE65, BEST1, PMEL, and ZO-1 (TJP1) as well as an antibody against the mitosis-associated antigen MK167 (Fig. 4) . In all cases, the pattern of protein localization was indistinguishable between control cells at passage 2 and Y-27632-treated cells at passage 13. The mature RPE markers BEST1 and RPE65 were both localized to the cytoplasm, with additional localization of BEST1 to the plasma membrane being evident in passage 2. The pigmentationassociated protein PMEL was found to be colocalized with distinct melanosomes and the tight junction protein ZO-1 (TJP1) to cell Normal chromosomal arrangement was observed following karyotype analysis of control passage 3 and Y-27632-treated passage 13 cells (supplemental online Fig. 2 ).
Functional Analysis of Extended-Passage hESC-RPE
The diurnal phagocytosis of photoreceptor outer segments, the apical secretion of PEDF, and basal VEGF secretion are critical RPE functions [44] . To examine these functions in extendedpassage hESC-RPE treated with the ROCK inhibitor, phagocytosis assays and ELISAs were performed. For the phagocytosis assays, hESC-RPE passage 2 and hESC-RPE Y-27632-treated passage 13 cells, as well as negative and positive control cells, were challenged with FITC-labeled bovine ROSs, and the extent ROS uptake was measured using quantitative immunofluorescence microscopy. Passage 13 Y-27632-treated hESC-RPE showed levels of phagocytosis similar to those seen in passage 2 control cells (Fig. 5A) . To test whether phagocytosis occurred through the receptor-dependent mechanism used by RPE in vivo, cells were incubated with an integrin aVb5 function-blocking antibody prior to challenging with FITC-labeled ROSs. This integrin has been shown to be important for RPE phagocytosis [45] . There was a significant decrease in the amount of ROS internalization compared with IgG control-treated cells (p . .05) for fRPE and hESC-RPE passage 2 and hESC-RPE passage 13 cells after aVb5 activity was blocked. This shows that phagocytosis requires the same integrin receptor after extended passage and that passage 13 hESC-RPE retain normal phagocytosis activity.
For the determination of apical and basal growth factor secretion, media were collected from the inner and outer chambers of transwell hESC-RPE cultures, and the amount of the PEDF and VEGF in the two media compartments was quantified. There was no significant difference for either apical or basal PEDF release between passage 2 and passage 13 hESC-RPE (Fig. 5B) . The amount of basal VEGF secretion also remained unchanged following extended passage in the presence of Y-27632; however, there was a twofold decrease in amount the apical VEGF in the passage 13 cultures compared with passage 2, but this did not reach significance (Fig. 5C) . 
ROCK Inhibition Affects Transcript Levels Within Many Cell Pathways
ROCK is known to be involved in numerous pathways within the cell, but its effect on gene transcription has not been fully examined. To gain more insight into how ROCK inhibition allows for extended passage of hESC-RPE, we assessed the global transcription patterns using cDNA microarray analysis in passage 5 control and Y-27632-treated cells 2 days after plating. Microarray analysis revealed that around 12,200 probes had above-background signals. From those, just more than 700 transcripts had at least a 1.5-fold change in each pairwise comparison and an average fold change of two or greater for all experiments. Overall, 369 genes decreased after treatment and 356 increased. Our microarray data reiterate the published literature showing that ROCK plays a role in several different pathways that all could contribute to the ability of hESC-RPE to undergo extended passage (Table 1) [22, 26, 46, 47] . Table 1 summarizes the microarray data using a pathway-centric organization based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways containing ROCK. These pathways include: actin cytoskeleton rearrangements, adherens junctions, tight junctions, cell adhesion molecules, extracellular matrix (ECM) receptor interactions/ focal adhesions, vascular smooth muscle contraction, axon guidance, chemokine guidance, HIPPO signaling, transforming growth factor-b (TGF-b) signaling, Wnt signaling, and the cell cycle. This analysis reveals decreased expression of genes encoding proteins involved in tight junctions, cell adhesion molecules, ECMreceptor interactions, and focal adhesion at day 2 prior to cell confluence, following ROCK inhibition. In addition, examination of the Hippo, TGF-b, and Wnt signaling pathways showed lower No changes in SMADs were detected; however, they are activated through phosphorylation. Consequently, more work is needed to uncover whether ROCK inhibition affects SMAD function. In addition, transcripts tied to progression through the cell cycle increased substantially after Y-27632 treatment. These data were also analyzed using the gene ontology enrichment analysis software DAVID [48, 49] . This analysis revealed several significant gene groups, many of which overlap the KEGG pathway analysis (supplemental online Fig. 3 ).
DISCUSSION
RPE was first noted in differentiated hESC cultures in 2001 [50] and then expanded and characterized in a landmark paper by Klimanskaya et al. in 2004 [51] . Since then, groups have been attempting to optimize the process for derivation of RPE from hESCs or iPS cells [14, 51] . The main obstacles of culturing pluripotent cell-derived RPE have always been long derivation time and limited potential for expansion once differentiated. Recently, progress has been made in developing more rapid methods for differentiation of hESCs into RPE [39, [52] [53] [54] . Buchholz et al. [39] , for example, described a method to direct differentiation using a series of growth factors known to play a role in RPE differentiation in vivo; however, once RPE is obtained, they still have a limited functional life span.
We report, in this paper, a novel passaging strategy that relies on inhibition of ROCK and that results in an increased rate of proliferation and extended passage of both hESC-RPE and iPSC-RPE, with retention of function. This phenomenon occurs even when the cells are plated at a fourth of the seeding density that is typically used. Thus, one can use less starting material and passage cells longer, leading to an exponential increase in the number of cells produced from a single culture of hESCs or iPS cells.
Extended-passage hESC-RPE maintained appropriate morphology and gene expression of key RPE markers without an increase in pluripotent, fibroblastic, or endothelial transcripts. Immunocytochemistry of passage 13 hESC-RPE exhibited proper localization of RPE transcription factors, proteins involved in pigmentation, tight junctions, and proteins important for RPEspecific functions. Importantly, from a therapeutic-application perspective, no aberrant proliferation was detected at day 30. Functional analysis demonstrated that passage 13 hESC-RPE were normal with respect to ROS phagocytosis and polarized secretion of PEDF and VEGF. In addition, no gross genomic abnormalities were detected following ROCK inhibition and repeated passage.
How does ROCK inhibition lead to extended passage? Microarray analysis suggests that ROCK inhibition could be suppressing an EMT through various pathways. These include inhibition of key ligands of the TGF-b pathway (TGFB1 and GDF6) [55] and Wnt signaling (WNT5A and WNT5B) [56, 57] , along with decreasing levels of collagens 1A1 4A2 [58, 59] and SNAI2, known biomarkers of EMT [60] . RPE are thought to undergo EMT after repeated passages in culture, a main reason why hESC-RPE have a finite ability to expand, limiting their production for use in transplantation [17, 61] . TGF-b signaling has been shown to be implicated in activating EMT in RPE [17, 55, [62] [63] [64] . Furthermore, several investigations have predicted that the RHO/ROCK pathway is involved in regulating EMT in multiple cell types [65] [66] [67] [68] , possibly through TGF-b signaling [69] . There has also been evidence linking Wnt activation and b-catenin accumulation to the increased expression of EMT-related genes [56, 70] . Inhibition of ROCK, through addition of Y-27632 or other synthetic compounds, has already been Croze, Buchholz, Radeke et al. Croze, Buchholz, Radeke et al.
shown in some cases to reverse this transition [71, 72] . Our results are consistent with the idea that decreased expression of TGF-b and Wnt signaling transcripts led to the suppression of EMT. In addition, novel, undocumented pathways could be contributing to the maintenance and increased expansion rate of hESC-RPE that led to the persistence of RPE identity. Two important processes are affected, allowing for an increase in hESC-RPE expansion. First, ROCK inhibition promotes proliferation by inducing multiple components that are involved in cell cycle progression. This allows RPE to quickly reform tight junctions, which are critical to RPE health [73] . Second, ROCK inhibition affects many pathways that could be converging to suppress RPE-to-mesenchymal transition. This allows hESC-RPE to remain functional for an extended but finite period in culture.
The prevalence of AMD in adults older than 40 years of age in the U.S. alone was calculated to be 7.2 million people; that number is projected to increase 50% by 2020 [4] . Assuming that a 3 3 5 mm patch of a hESC-RPE monolayer on a scaffold might be developed as a dry AMD therapy, it is estimated that 300,000 hESC-RPE will be required for each patient transplant [13, 74] . Based on this number, 3.3 trillion cells would be required to treat all patients affected in 2020. Following the extended passage protocol, a single well of a six-well plate will generate enough cells in 55 days to treat all of those estimated to be affected by the disease in 2020. This does not include the additional cells that would be required for release assays, quality control, and cell loss, but the protocol can easily be scaled up. Compared with the current method of derivation, the extended passage protocol using ROCK inhibition can exponentially increase the yield of mature hESC-RPE to 49 billion from 9 million within the first 60 days in culture-a 5,000-fold increase-in addition to using one-quarter of the starting cell number.
From a cell-engineering perspective, it is clear that these discoveries have the potential to greatly facilitate the production of functional hESC-RPE and iPSC-RPE for both therapeutic and research applications. It is even possible that these findings may be transferable to other epithelial cells derived from pluripotent stem cells. Currently, minimally passaged hESC-RPE are being used in clinical trials. Transitioning to the use of more highly passaged cells deserves further experimentation to characterize efficacy and potential tumorigenicity in animal studies, including a full transcriptome analysis of day 30 Y-27632-treated passage 13 hESC-RPE to ensure complete restoration of the gene profile to a passage 2-like state. In addition, defining the mechanisms of increased proliferation and suppressed EMT and devising methods to manipulate these processes could be extremely beneficial in developing therapeutics for other RPE dysfunction diseases such as geographic atrophy and proliferative vitreal retinopathy, a complication of retinal detachment characterized by RPE-tomesenchymal transition that can lead to loss of vision [64, 75] .
CONCLUSION
Inhibition of ROCK activity by the synthetic compound Y-27632 allows extended passage of hESC-RPE and iPSC-RPE. Extended passage, in part, seems to be achieved by increased proliferation and through the prevention of gene expression that promotes and contributes to the mesenchymal phenotype. We have shown that inhibiting ROCK allows hESC-RPE and iPSC-RPE to be seeded at one-quarter of the normal density and grow for up to 13 passages. The extended-passage hESC-RPE was comparable to untreated early passage hESC-RPE by all parameters tested. This simple technique, in combination with the published rapid differentiation protocols, could lead to a faster and more efficient way of producing hESC-RPE and iPSC-RPE for clinical trials, basic disease research, and drug screening.
